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Abstract 5 
Cracking of benzene in a non-thermal plasma (NTP) dielectric barrier discharge reactor (DBD) 6 
was investigated in CO2 and H2 carrier gases. Benzene was acting as an analogue for 7 
gasification tar, and CO2 and H2 are abundant in gasifier product gas.  A parametric study in 8 
terms of specific input energy (SIE), residence time, concentration and temperature was 9 
performed to determine the optimal conditions for tar conversion. It was found that almost 10 
complete removal of benzene (36 g/Nm3) was observed in each carrier gas at 30 kJ/L and at 11 
4.23 s. Lower hydrocarbons (<C6) (LHC) and solid residue were common products in both 12 
carrier gases. The selectivity to LHC in H2 carrier gas was higher (12 %) than CO2 (2 %) carrier 13 
gas, and CO was the major gaseous product in CO2 carrier gas. However, the problem of solid 14 
formation in the reactor was completely eradicated by operating at elevated temperatures in H2 15 
carrier gas. The selectivity to lower hydrocarbons increased with increasing temperature. At 16 
400oC in H2 carrier gas, the selectivity to LHC reached 91% with no formation of solid residue. 17 
The major lower hydrocarbons at these conditions were CH4 (82 %) and C2 (C2H6 +C2H4) 6.6 18 
%. 19 
Keywords: gasification, tar, non-thermal plasma, dielectric barrier discharge 20 
 21 
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1. Introduction 22 
Compared to fossil fuel, the advantage of the biomass is the net neutral emission of CO2 23 
greenhouse gas. Hence, it is used as a source of renewable energy [1]. Its use is gaining 24 
attention due to global warming associated with fossil fuels [2]. Biomass gasification is a 25 
promising route to produce not only energy, but also CO and H2 (syngas). The product gas can 26 
be used to produce hydrocarbons, CH3OH, natural gas, hydrogen and various value-added 27 
chemicals. It has also direct applications in gas engines, turbines, furnaces, fuel cells and 28 
boilers [3].  However, the product gas from the gasifier is contaminated with particulate matter, 29 
tar and some other pollutants. In the practical application of biomass gasification, the formation 30 
of tar is the key issue which needs to be resolved due to its condensation on downstream filters, 31 
fuel line, and engine and turbine parts. Operational costs can be significantly increased by 32 
plugging, blocking and corrosion of the downstream equipment. Therefore, it is very important 33 
to remove problematic tar compounds for the successful application of producer gas [3-5]. 34 
There are various methods which can be used to decompose tar compounds at the downstream 35 
of the gasifier. These methods can be physical or chemical. In physical methods, tars are only 36 
captured by changing from one form to another, which produces additional waste streams, and 37 
generates secondary pollution. Furthermore, the associated chemical energy in the tars is also 38 
wasted [4]. Cyclone, dry/wet scrubber, electrostatic precipitator, rotating particle separators 39 
and tar filters can be used to remove tar by physical means.  40 
For chemical treatment of tar, a process unit or secondary reactor is required to decompose the 41 
tar completely. The  conversion of tar compounds into combustible components such as carbon 42 
monoxide and hydrogen can increase the calorific content of syngas [6]. These chemical 43 
methods are categorised as thermal cracking and catalytic cracking. 44 
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Thermal and catalytic cracking techniques have been employed to eliminate condensable tar 45 
compounds, but these methods also have drawbacks. The high temperatures and residence 46 
times required significantly increase the operational cost of thermal cracking [7]. For lower 47 
temperature operations, the use of catalysts is a better option to crack the tar contents into 48 
valuable gaseous products [8] [9]. Catalysts decompose the tar compounds by lowering the 49 
activation energy, and the cracking can take place at lower temperatures than in thermal 50 
cracking [10]. Metallic or non-metallic catalysts have been used to remove the tar compounds 51 
[11]. Nickel-based catalysts (metallic) have been extensively used to address the tar problem, 52 
and many researchers have reported high removal efficiency of tar compounds in the presence 53 
of nickel-based catalysts [11-13]. However, the use of catalysts has been inhibited by 54 
drawbacks including the process complexity, deactivation of catalysts due to sintering and/or 55 
carbon deposition, poisoning, fouling and regeneration [10]. Furthermore, thermal efficiency 56 
and composition of product gas also negatively affected by catalytic bed [14]. 57 
Hence, complete removal of tar remains a significant challenge due to its complex nature and 58 
the unavailability of proven, effective technology. In both thermal and catalytic cracking, the 59 
creation and stabilization of reactive species play key roles by initiating the necessary chemical 60 
reactions under thermodynamic and kinetic limitations. Similar processes (creation of reactive 61 
species) can be expected when using plasmas in which energetic electrons produce reactive 62 
species due to collision with molecules. However, the production of radicals of gas phase 63 
increases the removal efficiency of tar compounds [15]. The tar decomposition takes place due 64 
to the presence of an electro-radical atmosphere that initiates chemical reactions. Therefore the 65 
use of plasma reduces the requirement of severe operating conditions (high temperatures) as 66 
compared to thermal treatment. Hence, NTPs (Non-thermal plasmas) could be a promising and 67 
attractive route to produce the relatively clean product gas.  68 
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Various types of non-thermal plasmas have been investigated to decompose tar compounds. 69 
Jamroz et al (2018) investigated the steam reforming of tar representative compound in 70 
microwave plasma. Tar compounds were converted to CO, CO2 and hydrogen in the presence 71 
of steam [16]. The performance of a gliding arc discharge reactor was studied by Zhu et al 72 
(2016). They reported 95 % conversion of the toluene, and the major products were acetylene 73 
and hydrogen [17]. In another study, the decomposition of toluene as a biomass tar 74 
representative was studied in gliding arc discharge reactor. It was reported that conversion and 75 
energy efficiency of toluene increased by adding the steam [18]. In many studies, the dielectric 76 
barrier discharge (DBD) reactor was used for cleaning gases [19-22]. It was observed that 74 77 
% of the toluene is converted at specific input energy of 360 J/L [19]. However, the conversion 78 
decreased with increasing flow rate and concentration [23]. 79 
In this study, a DBD reactor was used to investigate the decomposition of benzene in CO2 and 80 
H2 carrier gases. Benzene was selected as a model compound due to its thermal stability and it 81 
has been reported as a tar representative in many experimental studies [24-30]. Moreover, the 82 
effect of each carrier gas on the product selectivity was also studied. CO2 and H2 are present in 83 
significant amounts (62-75%) in product gas [31]. Therefore, for a good understanding of tar 84 
removal in NTP to clean the product gas, it was very important to study the effect of both 85 
carrier gases individually. The effect of different parameters (SIE, residence time, 86 
concentration and temperature) was also investigated to study the performance of DBD reactor. 87 
2. Materials and methods 88 
2.1 Experimental setup 89 
Fig. 1 shows a schematic of the experimental setup. The dielectric barrier discharge (DBD) 90 
consisted of two coaxial quartz tube (inner and outer tube). Outer tube has inner diameter of 91 
15 mm, length 330 mm, while inner tube has the outer diameter of 12 mm, length 130 mm. The 92 
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one end of the inner tube is closed to allow the flow through annular space. Two metallic 93 
electrodes of stainless steel were used, one inside the inner tube and other outside external tube. 94 
The length of the discharge zone can be controlled by varying the size of external electrode (45 95 
mm). The plasma was formed in the annular space of the coaxial cylindrical tubes. The plasma 96 
power provided to the reactor was controlled by using a variac which connected with plasma 97 
generator. The plasma generator provides the power to DBD reactor at a frequency of 20 kHz.  98 
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Fig.1. Schematic diagram of the experimental setup 100 
The flow rate of carrier gases (40.6-120 ml/min) was controlled by using computer controlled 101 
MFC (mass flow controller) .The carrier gas passes through the benzene (99.8 % anhydrous, 102 
sigma-Aldrich) bubbler to saturate with desired amount of benzene. To study the thermal effect 103 
on the distribution of the products, an electric furnace was used. The DBD reactor was placed 104 
inside a furnace to control the temperature between ambient and 400 oC. 105 
The product compositions were monitored by a Varian 40-GC equipped with TCD (Thermal 106 
conductivity detector) to measure CH4 and H2, and FID (Flame ionization detector) to measure 107 
the hydrocarbons. 108 
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2.2 Definitions of Quantities 109 
Benzene conversion is defined as: 110 
dT=
[𝐶6H6]𝑖𝑛 - [𝐶6H6]𝑜𝑢𝑡
[𝐶6H6]𝑖𝑛
×100 111 
The following formulae were used to calculate the selectivity of different products: 112 
LHC selectivity (%)=
∑ (m × moles ofCmHn)
 6× Moles of C6H6 converted
×100 113 
H2 selectivity (%)=
moles of  H2  produced
3×  Moles of C6H6 converted 
×100 114 
CO yield (%)=
[moles of CO ]𝑜𝑢𝑡
[6 × C6H6 moles]𝑖𝑛 + [CO2 moles]𝑖𝑛 
×100 115 
Specific input energy (
kJ
L
) =
P (W) × 60/1000
Flow rate total (L/min)
 116 
The energy efficiency was calculated as follows: 117 
Energy efficiency (
g
kWh
) =
amount of benzene converted (g/min)
P (W) × 60/3600000
 118 
3. Results and discussion 119 
3.1 Effect of carrier gas and SIE 120 
Figure 2 (a) shows the effect of changing the specific input energy (SIE) in CO2 and H2. The 121 
conversion of benzene was similar for each type of carrier gas at high SIE (above 30 kJ/L). The 122 
SIE was increased by increasing the input power (5-40 W). It has been reported that the most 123 
of the energy supplied by providing electric fields is absorbed by electrons rather than heavy 124 
species (ions, molecules and gas atoms) [32]. At higher powers, the number of high energy 125 
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electrons increases, so the probability of decomposing benzene (by electron impact) increases. 126 
Energy efficiency generally decreases with increasing SIE.   Similar behaviour has been 127 
reported in previous experimental studies [23].  128 
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(d) 
Fig.2 Effect of carrier gas and SIE on: (a) the conversion and energy efficiency of benzene; 129 
(b) Selectivity of products in H2 carrier gas; (c) Selectivity of products in CO2 carrier gas; and 130 
(d) Detailed selectivity to LHC. (Reaction conditions: concentration = 36 g/Nm3; 131 
Temperature=ambient; and residence time=4.23 s) 132 
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Below 35 kJ/L, the conversion in the H2 carrier gas was higher than that for the CO2. This may 133 
be due to production of more reactive H radicals at lower powers, as the bond dissection energy 134 
of H2 (4.53 eV) is lower than that of CO2 (5.5 eV) [33]. 135 
e*+ CO2→O + CO + e (1) 
e*+ H2→H
. + H. + e (2) 
Fig. 2 (a) also shows the energy efficiency of the process. It can be observed that, below 30 136 
kJ/L, the higher energy efficiency is obtained in H2 carrier gas. At higher SIE (>35 kJ/L), the 137 
energy efficiencies converge. In the absence of plasma, the decomposition of benzene was not 138 
observed even at 400 oC. It was reported that only 2-3 % conversion of benzene was observed 139 
in a sand bed at 650 oC. However, the complete conversion occurred at same temperature in 140 
the presence of H2 and Fe2O3 catalyst [34]. However, in the absence of catalyst, only 40 % of 141 
benzene conversion was observed even above 1200 oC, and the reactivity of benzene was 142 
minimum as compared to toluene and naphthalene [35]. The non-thermal plasma produces 143 
reactive species due to impact of electrons, which have mean energy in the range of 1-10 eV. 144 
The reactive atmosphere of active species play a vital role for the decomposition of aromatic 145 
compounds 146 
 Fig.2 (b) shows the selectivity to hydrocarbons in H2 carrier gas. It can be seen that the 147 
selectivity to LHC (C1-C5) increases with specific input energy, but heptane and heptane 148 
decrease. The selectivity to cyclohexane increased up to 14.7 kJ/L and then decreased. 149 
Equation 2 shows that H radicals (4.5 eV) produced in the plasma discharged due to the impact 150 
of energetic electrons [33]. These reactive H radicals are responsible for the hydrogenation 151 
reactions of benzene. However, with increasing SIE, due to the increased abundance of 152 
electrons, cyclic and long chain compounds began to be converted into lower hydrocarbons. 153 
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Hence, it can be observed in Fig. 2 (d) that the selectivity to C1-C3 significantly increased with 154 
increasing SIE. 155 
In CO2 carrier gas, the main products were, CO, H2, LHCs and solid residue. Fig.2 (c) shows 156 
the selectivity and yield of gaseous products. The selectivity to lower hydrocarbons remained 157 
below 2% at all tested powers due to the presence of O radicals which promote CO and H2 158 
formation [23]. It can be observed that the selectivity and yield of H2 and CO also increased 159 
with SIE due to increase in the number of reactive species with power. 160 
It was found that formation of solid residue occurred in both carrier gases. The colour of the 161 
solid residue was light yellow in hydrogen carrier gas, and black and brown in CO2.   The solid 162 
residue formation occurred due to oxygen deficit environment. These solid residues will 163 
eventually foul the DBD reactor, and are not desired products. Conversion to these residues 164 
must be decreased for plasma processing to present a feasible solution to this problem (tar 165 
production). Fig. 3 shows the proposed mechanisms of benzene decomposition under plasma 166 
conditions: 167 
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Fig.3. General Mechanism for benzene decomposition 169 
 170 
The first impact of the electron or excited species can abstract the H atom from benzene, as the 171 
C-H bond dissociation energy is the minimum in the benzene molecule [33]. Therefore, 172 
cracking of benzene could begin through this route and produce the phenyl radicals. These 173 
radicals react together to produce solid residue/benzene derivatives. The hydrogenation of 174 
benzene through H radicals can also produce cyclohexane. The second impact of high energy 175 
electrons may decompose the aromatic ring and cyclic compound to produce straight chain 176 
hydrocarbons (path 6). Two mechanisms have been reported for the decomposition of aromatic 177 
compounds: direct impact of electrons, and due to collision of gas-phase radicals with aromatic 178 
compounds [35]. Reaction mechanism 1 is initiated by collisions between benzene molecules 179 
11 
 
and energetic electrons in the plasma discharge zone in both carrier gases, resulting in the 180 
production of intermediate radicals (phenyl).  181 
Reaction route 2 is initiated by collision of reactive radical (produced due to impact of 182 
electrons) and benzene molecules. In fig. 3, route 2 and 5 shows that reactive radicals react 183 
with benzene directly to initiate the decomposition process. However, these reactive radicals 184 
also can react with intermediates to produce final stable product. Route 3 and 4 shows that O 185 
radicals can also react with intermediate to produce oxygenated compounds. 186 
 Therefore, in the CO2 carrier gas, due to presence of nascent oxygen atoms, the intermediate 187 
can oxidize to CO and H2. 188 
3.2 Effect of residence time. 189 
The effect of residence time on the conversion of benzene in both carrier gases is shown in 190 
fig.4 (a). The effect of changing the residence time on conversion in each carrier gas is the 191 
same: increasing with increasing residence time. At high residence time, the benzene molecules 192 
spend more time in discharge zone, which allow them to interact with the reactive species for 193 
longer. In this way, higher residence time promotes the conversion of benzene due to the 194 
increased number of collision between tar analogue and discharge species [23]. 195 
Fig. 4 (a) shows the effect of residence time on the energy efficiency of the plasma process. As 196 
Residence time and conversion increase, the energy efficiency decreases.  To enhance the 197 
energy efficiency of the process, the residence time and power need to be optimized for the 198 
desired conversion of benzene. 199 
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(b) 
Fig.4 Effect of residence time on: (a) the conversion and energy efficiency of benzene; (b) 200 
selectivity and yield of products, in H2 and CO2 (Reaction conditions: concentration = 36 201 
g/Nm3; Temperature=ambient; and plasma power=20 W) 202 
Fig.4 (b) shows the selectivity of lower hydrocarbons (LHC). It can be noted that hydrogen 203 
gives maximum selectivity due to the rich environment of H radicals which combine with the 204 
fragments of benzene. The selectivity shows increasing trend with respect to residence time in 205 
H2. The reason may be that the number of collisions between H radicals and aromatic 206 
intermediate species increases when increasing residence time. Therefore, the selectivity of 207 
lower hydrocarbons increases due to high collision frequency of these species with H radicals. 208 
However in CO2 the selectivity of lower hydrocarbons does not increase above 2 % due to 209 
presence of oxygen which oxidizes the intermediate compounds into CO and H2  210 
The selectivity and yield of H2 and CO are shown in Fig. 2(b). It can be observed that both the 211 
selectivity and yield of products increase with increasing residence time. The trend is consistent 212 
with previous experimental studies in which the decomposition of toluene was studied in a 213 
rotating gliding arc discharge reactor [17]. 214 
3.3 Effect of Concentration 215 
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(b) 
Fig.5 Effect of concentration in each carrier gas on: (a) the conversion and energy efficiency 216 
of benzene; (b) Products selectivity (%). (Reaction conditions: SIE= 14.7 (kJ/ L) 217 
Temperature=ambient; and power=10 W) 218 
Fig. 5 (a) shows the effect of concentration on the conversion and energy efficacy of benzene 219 
in CO2 and H2 carrier gases. It can be observed from the figure that the removal efficiency of 220 
benzene decreases with increasing concentration. This is because the number of molecules in 221 
the discharge zone increases with concentration, while all the other parameters (power, 222 
residence time, discharge length) remain constant. Therefore, the chances of unconverted 223 
benzene molecules escaping the discharge zone increases. Fig.5 (a) shows that the energy 224 
efficiency of the process increases in both carrier gases with increasing concentration. This is 225 
because when the input concentration of benzene increases, it also raises the total no. of 226 
decomposed molecules. 227 
Fig.5 (b) shows the selectivity of different products in each carrier gas. As concentration 228 
increases, selectivity to LHCs and cyclohexane decreases. This is probably due to decrease in 229 
the relative amount of reactive species with respect to benzene molecules. At higher 230 
concentration more molecules were subjected to discharge zone, whereas the concentration of 231 
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electrons remains constant. Thereby, the selectivity to lower hydrocarbons decreases when 232 
increasing the concentration. These results are consistent with previous experimental studies 233 
on toluene [23]. 234 
3.4 Effect of temperature 235 
The effect of temperature on the conversion of benzene can be observed in Fig.6 (a). It can be 236 
seen that the conversion of benzene is not influenced by temperature up to 300 oC, whereas 237 
after that it decreases with increasing temperature up to 400 oC in CO2. This may be due to 238 
radical termination reactions of CO and O, which reduce the reactive species in plasma 239 
discharge. It has been reported that termination of radicals can occur via reactions 3 [36]. 240 
O+CO→CO2                              k = 1.7× 10
-33 exp(-
1510
T
)                  (2) 
 241 
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(c) 
Fig.6 Effect of temperature and carrier gas on: (a) the conversion and energy efficiency of 242 
benzene ; (b) selectivity to lower hydrocarbons; and (d) selectivity to individual LHC in H2 243 
carrier gas .(Reaction conditions: concentration = 33 g/Nm3; residence time=4.23 s; 244 
power=40 W; and SIE= 59.1 kJ/L) 245 
However, the decomposition of benzene gradually decreases with increasing temperature up to 246 
400 oC. A possible route is that plasma produces phenyl radicals by abstracting H from 247 
benzene, as the C-H has the minimum bond dissociation energy. These benzyl radicals 248 
polymerize and produce solid residue at ambient temperature. However, as the temperature is 249 
increased, due to presence of excess reactive H radicals in H2 carrier gas, it may react with H 250 
radicals and reproduce the benzene [37]. 251 
Clearly, (fig. 6 a) the decomposition of benzene decreases with increasing temperatures. 252 
However, it previously been noted that the conversion of toluene did not change when 253 
increasing the temperature at 40 W. Fig. 6 (a) also shows that the energy efficiency of the 254 
process decreases due to the decrease in the conversion of benzene, which ultimately reduces 255 
amount of decomposed toluene. 256 
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Fig. 6 (b) shows the selectivity to LHC (C1-C5) with respect to temperature. It can be observed 257 
that the selectivity in CO2 carrier gas slightly increases with increasing the temperature, but in 258 
H2 carrier gas, it increases significantly from 13 % to 91 % with increasing the temperature 259 
from ambient to 400 oC. Hence, it is clear that the H2 carrier gas promotes the ring opening 260 
reactions and promotes the formation of lower hydrocarbons and eliminates the solid residue 261 
formation. This is possible because the plasma discharge produces reactive H radicals which 262 
crack benzene fragments and intermediates to lower hydrocarbons at elevated temperatures. In 263 
a previous study, the synergetic effect of plasma and temperature was studied on the 264 
hydrocracking of toluene using a dielectric barrier discharge reactor [38]. It was observed that 265 
nearly complete conversion of toluene to lower hydrocarbons (C1-C6) occurred at elevated 266 
temperatures under plasma conditions. However, significant amounts of benzene (28%) were 267 
observed at elevated temperatures along with methane (60%) depending upon power. It was 268 
reported that hydrogen radicals promote the ring opening products at elevated temperatures in 269 
the presence of plasma [39] 270 
 Fig.6 (c) shows the detailed selectivity to lower hydrocarbons.  It can be seen that the 271 
selectivity to methane increases from 5.2 to 82 % with increasing the temperature. For C2, 272 
selectivity increases up to 300 oC and after which it decreases, while for C3-C5, selectivity 273 
started to decrease even after 200 oC. Therefore, increasing the temperature under plasma 274 
conditions promotes the formation of methane from benzene at elevated temperature instead 275 
the production of >C2. 276 
It has been reported that thermal decomposition of aromatic compounds requires temperatures 277 
in the range 500-1200 oC [40, 41]. It has been observed that the yield of methane doubles (11.7 278 
to 23.8 wt. %) with increasing the temperature from 800 to 850 oC, whereas  the yield of C2H4 279 
and C3H8 decreases [42] . Therefore, it could be suggested that increasing temperature favours 280 
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the conversion of C2H4 and C3H8 to CH4. However, in this study, these reactions took place at 281 
lower temperature ranges (20-400 oC). 282 
It was noted that the input energy played a key role in the decomposition of the benzene. The 283 
rate equation for the cracking of benzene with respect to SIE can be written as  284 
 285 
𝑟 = − 𝑑[𝐶6𝐻6]/ 𝑑𝑆𝐼𝐸 = 𝑘𝑆𝐼𝐸[𝐶6𝐻6]
𝑛 (6) 
  
Here kSIE is an energy constant and n is a reaction order. Fig. 7 a plot of ln (C/Co) exhibits a 286 
straight line in both carrier gases. Therefore, the benzene removal in both carrier gases can be 287 
written as 288 
𝑙𝑛
[𝐶6𝐻6]
[𝐶6𝐻6]0
= −𝑘𝑆𝐼𝐸 × 𝑆𝐼𝐸 
(7) 
 289 
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Fig.7 Effect of specific input energy (SIE) on the remaining fraction of benzene 291 
(Reaction conditions: concentration = 36 g/Nm3; Temperature=ambient; and 292 
residence time=4.23 s) 293 
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 294 
In CO2 and H2, the value of R
2 are 0.98 and 0.99 respectively. Hence, the decomposition of 295 
benzene in DBD reactor with respect to SIE shows first order kinetics.   296 
 297 
4. Conclusions 298 
In this study, a DBD reactor was used to investigate the conversion of benzene, acting as a tar 299 
analogue, in CO2 and H2 carrier gases. The parameters studied were SIE (7-59 kJ/L), residence 300 
time (1.41-4.23 s), concentration (20-102 g/Nm3) and temperature (ambient-400 oC).  301 
The main findings were: 302 
1. At high SIEs, the conversion of benzene was similar in both carrier gases, due to the 303 
high population of reactive species. However, at lower SIEs (<30 kJ/L), there was a 304 
clear difference, and the H2 exhibited significantly higher conversions of benzene than 305 
the CO2. This is due to the higher reactivity of the H free radical. 306 
2. The decomposition of benzene increased with increasing SIE and residence time in 307 
either carrier gas, and decreased with increasing concentration. The quantification of 308 
these effects should allow NTP DBD reactor design  309 
3. The wall temperature of the reactor was identified as an important parameter in 310 
controlling the product distribution. Importantly, it was noted that solid formation 311 
completely disappeared in H2 carrier gas at 400 
oC, and the selectivity to LHC was as 312 
high as 91 %. The presence of H radicals at elevated temperatures in the presence of 313 
plasma promoted the new reaction route to crack the aromatic ring and intermediates to 314 
lower hydrocarbons .Therefore these reactors can be operated without solid residue 315 
formation in the presence of H2 carrier gas at elevated temperatures along with NTP.  316 
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4. At higher powers and temperatures (40 W and 400 oC) selectivity to methane increased 317 
from 5.2 to 82 % in H2 carrier gas, whereas, the selectivity to C2-C4 decreased from 28 318 
% to 8 % with increasing temperature from 300 to 400 oC at 40 W. Clearly, hydrocarbon 319 
chain length can be controlled by judicious choice of wall temperature: chain length 320 
decreases as temperature increases.  321 
These results illustrate the opportunities for combining thermal effects with non-thermal 322 
plasma effects for operation of gas phase reactors. In this case, judicious choice of temperature 323 
could be used to operate the reactor such that no solid residue was formed, and the “tar” was 324 
largely converted into methane. 325 
 326 
 327 
 328 
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